Abstract-We have constructed two "annulus" magnets, YP2800 and YB10; each consists of 2800 YBCO thin square "plate annuli" (YP2800) and 10 YBCO thick "bulk annuli" (YB10). Their trapped field characteristics, spatial and temporal, were investigated and compared, experimentally and analytically. Two sets of field-cooling tests were performed at 77 K: (1) maximum trapped field tests, where a 2-T background field was applied to investigate the maximum trapped field capability of the two magnets; and (2) reduced trapped field tests, where spatial homogeneity improvement of the two magnets was investigated after field cooling with a reduced background field. Also, a Z1 copper shim coil was designed, constructed, and operated, alone and with YP2800 and YB10. When it was operated with the annulus magnets at 77 K, a significant attenuation of the shim coil strength was observed due to the screening currents induced within the annulus magnets.
I. INTRODUCTION

S
INCE 2009, we have been developing compact "annulus" magnets that consist of a stack of YBCO annuli [1] - [4] for micro-NMR spectroscopy applications [5] - [7] . An annulus magnet can "trap" a magnetic field by the "field cooling" procedure [8] and requires no joints between HTS (high temperature superconductor) annuli. Therefore, it requires no current leads and operates intrinsically in a persistent mode. In consequence, the whole magnet system including the cryogenic part can be highly simplified and compact.
We have used two types of annuli, "thin plates" and "thick bulks", either in one type exclusively or in combination. In this research, 10 YBCO bulk annuli are used for an all-bulk stack (YB10) while 2800 YBCO thin "square" annuli for an Manuscript all-plate stack (YP2800). Trapped field tests of YP2800 and YB10 were performed in a bath of liquid nitrogen (LN 2 ) at 77 K and their trapped field characteristics, spatial homogeneity and temporal stability, were investigated, experimentally and analytically. Also, a Z1 shim coil wound with copper wires was constructed and operated, alone and with YP2800 and YB10 to investigate the performance of the Z1 shim coil in operation with annulus magnets.
II. EXPERIMENTAL SETUP AND ANALYTIC MODEL
A. Construction of YP2800 and YB10 Fig. 1 shows pictures of YP2800 and YB10, of which key parameters are listed in Table I . The YP2800 consists of a total of 2800 plates, each either 40-mm or 46-mm square with a 26-mm hole machined at the center. The plates, originally the AMSC's 2 G wide conductor [9] , [10] , were cut to form a square shape. During construction, a group of 5 plates was assembled to a single module and the trapped field strengths of 560 modules were measured individually in a bath of liquid nitrogen (LN 2 ) at 77 K. Then, the modules were stacked in a way to obtain the [4] .
The YB10 consists of 10 bulk annuli of which i.d., o.d., and thickness values are listed in Table II . Each annulus was fieldcooled individually in a bath of LN 2 at 77 K; the center trapped field (B zo ) and the field homogeneities within a |r| < 1 mm space of each annulus were measured and presented in Table II . To achieve the best field homogeneity and largest trapped field strength, we placed the largest trapped-field bulk at the midplane, with the remaining bulks in the decreasing order of trapped-field strengths toward both ends of a 10-annulus stack (Table II) .
B. Trapped Field Test Setup and Procedure
For a field cooling, a 5-T 300-mm RT (room-temperature) bore background magnet was used to provide an external field. The annulus magnet, YP2800 or YB10, in an LN 2 container was placed at the center of the background magnet. After the background magnet was fully energized to a target field, the LN 2 was supplied to cool down annulus magnet to 77 K. Once the magnet was fully cooled and superconducting, the background magnet was discharged at a rate of 1 mT/s. After the background magnet was completely discharged, an axial distribution of the trapped fields along the annulus magnet center was measured, three times, using a search coil, 5 min, 30 min, and 60 min after the moment that the background magnet had been completely discharged. Fig. 2 presents an axial field profile from the LTS background magnet at an operating current of 16.7 A (1 T). The axial field uniformity over a space for YB10 (53 mm) and YP2800 (224 mm) is 3% and 16%, respectively.
Two sets of tests were performed: 1) maximum field test (MFT) with a 2-T field cooling to investigate a maximum trapped field capability of YP2800 and YB10; and 2) reduced field test (RFT), where a 70% of the maximum trapped field was applied by the background magnet to improve the spatial field homogeneity from that of MFT, though sacrificing trapped field strength.
III. TRAPPED FIELD TEST RESULTS
A. Maximum Field Test
Figs. 3 and 4 show the axial field distributions of YP2800 and YB10, respectively, from MFT. Open squares, circles, and triangles stand for the trapped fields measured at 5, 30, and 60 minutes, respectively. From the measured trapped field at the center (B zo ), an "average" overall current density, J ea , can be calculated by (1), where r 1 , α, and β are, respectively, magnet inner radius, ratio of magnet outer radius to r 1 , and ratio of magnet height to r 1 [8] . For simplicity, each "square annulus" of YP2800 was modeled as a regular annulus with an outer diameter of 52 mm to make the same "effective" surface area with that of the 46-mm square annulus. Table III presents the measured B zo and the calculated J ea of YP2800 and YB10 from MFT and RFT. Although the B zo of YP2800 is similar to that of YB10, the J ea of YB10 is 20% larger than that of YP2800
Once J ea was obtained, the axial center field distributions of YP2800 and YB10 were calculated by use of the elliptic integral [11] , and presented in Figs. 3 and 4 as dashed lines with diamonds. Note that calculation assumes an average current density (J ea ) uniformly distributed over the entire YP2800 and YB10. The calculated fields in Figs. 3 and 4 are much "broader" than the measured ones, which indicates a non-uniform current distribution within each annulus magnet, due chiefly to the lower critical currents of the plates and bulks placed near the top and bottom ends of the stacks. Fig. 5 presents B zo vs. time plots of YP2800 (squares) and YB10 (circles) from MFT. A linear decay of B zo in the log time axes demonstrates that the field decay in YP2800 and YB10 originates mostly from flux flow or creep in HTS [8] , [12] - [15] . Note that, although J ea of YB10 is larger than that of YP2800 in Table III , the decay rate of YB10 is greater than that of YP2800 for the same initial trapped field of 0.67 T. This implies that a longer annulus magnet is more preferable than a shorter one not only for spatial homogeneity but also for temporal stability. 
B. Reduced Field Test for Homogeneity Improvement
In RFT, the test configuration was not changed from MFT except the reduced background field from 2 T to 0.46 T (70% of the peak trapped field, 0.67 T) for field cooling. Figs. 3 and 4 also present the axial field distributions of YP2800 and YB10, respectively, from RFT; Solid squares, circles, and triangles stand for the trapped fields measured at 5, 30, and 60 minutes, respectively, after the background magnet was completely discharged. The peak trapped fields of YP2800 and YB10 at 5 min are 0.44 T and 0.45 T, respectively, which are close to the field-cooling field of 0.46 T as expected. The field distributions about the magnet center from RFT are more homogeneous than those from MFT in both YP2800 and YB10, though the improvement was more pronounced in YP2800. Note that the axial field homogeneity of YP2800 in |z| < 25 mm from RFT is 0.8% while that from the background magnet in Fig. 2 is 3%. This implies that the trapped field homogeneity of an annulus magnet can be further improved from that of the initial background field if an annulus magnet is "long." The temporal decays of YP2800 and YB10 were negligible in RFT. Fig. 6 shows the Z1 shim coil; its key parameters are summarized in Table IV . The basic configuration is the anti-Helmholtz coil [10] wound with AWG20 copper wires. The calculated Z1 gradient at the coil center is 0.74 mT/cm/A. YP2800 or YB10 can be installed in the cold bore of the shim coil and the total assembly was placed in a bath of LN 2 was used to accurately control the position of the Hall sensor. Since the field strength from the shim coil was weak (< 1 mT), a nanovoltmeter, after careful cancellation of the offset from the earth field and noise, was used to measure the Hall sensor voltages. Fig. 7 summarizes operation results of the Z1 shim. Firstly, it was operated alone at +1 A (solid squares) and −1 A (open squares) at RT to confirm its designed field performance without any annulus magnets. Secondly, it was operated, at the same currents, with YP2800 at RT (triangles); the fields were attenuated due to the magnetic substrates of the square-plate annuli YP2800. From a finite element analysis, the average magnetic permeability (μ r ) of the substrates was estimated as ∼4 for YP2800 to have a similar attenuation of fields to the measured one in Fig. 7 . Thirdly, the Z1 shim coil was operated, again at the same current of +/−1 A, with YP2800 at 77 K (red circles) and almost no field (<0.1 Gauss) was detected along the magnet center due to the screening currents induced within the annuli of YP2800. The final operation of the Z1 shim coil with YB10 at 77 K (magenta diamonds) and +/−1 A, confirmed that the screening-current effect of annulus magnets significantly attenuate a shim field. Note that YB10 is 53 mm high, while the screening effect was limited to a |z| < 20 mm along the z-axis. The results prove that, when a shim coil is operated with an annulus magnet, its strength will be significantly attenuated. Currently, we are testing NbTi shim coils to further investigate this issue at 4.2 K.
IV. ACTIVE SHIMMING
A. Construction of Z1 Shim Coil and Test Setup
B. Test Procedure and Results
V. CONCLUSION
Two annulus magnets were constructed, YP2800 and YB10; YP 2800 consists of 2800 "square plate" annuli while YB10 of 10 YBCO bulk annuli. Trapped field characteristics, spatial and temporal, of YP2800 and YB10 were investigated and compared, experimentally and analytically. Two sets of tests were performed: 1) maximum field tests (MFT), where a 2-T background field was applied to investigate the maximum trapped field capability of YP2800 and YB10; and 2) reduced field tests (RFT), where spatial homogeneity improvement of the two annulus magnets was investigated after field cooling with a reduced background field. The field homogeneity of YP2800 near the magnet center, |Z| < 25 mm was 0.8% better than that of the background magnet field of 3%, which demonstrates that the trapped field homogeneity of an annulus magnet can be further improved from that of the initial external field with a longer annulus magnet. YP2800 was better than YB10, not only in spatial homogeneity but also in temporal stability though the average overall current density of YB10 was measured higher than that of YP2800. This implies that a "long" annulus magnet will have a superior performance in both temporal stability and spatial homogeneity. The Z1 shim coil tests have shown a significant attenuation of the shim coil strength when it was placed outside YP2800 (and YB10), chiefly owing to the screening currents in the annulus magnets.
